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I N T R O D U C T I O N
Arm movements made within a rotating reference frame generate Coriolis forces that are a function of the cross product of the angular rotation of the reference frame, the linear velocity of the arm relative to the reference frame, and the effective mass of the arm.
1 Because Coriolis forces are proportional to limb velocity, they are absent prior to and after a movement, but their impact on movement trajectory can be substantial if the nervous system does not account for them. For example, subjects seated at the center of a fully enclosed slow-rotation room (SRR) turning at constant velocity have their initial reaching movements to targets deflected from their intended paths and endpoints in the direction of the Coriolis forces generated on the arm. With repeated movements, even without visual feedback, subjects adapt and their movements regain straight trajectories and accurate endpoints Lackner and DiZio 1994) .
In nonrotating environments, joint torques due to Coriolis forces arise whenever two or more joints of the same limb or mechanical linkage move simultaneously. For example, when the elbow extends while the shoulder flexes, a Coriolis torque emerges at the shoulder. Similarly, when the trunk turns as the arm is extended away from the body in a reaching movement, the trunk serves as a rotating reference frame within which the arm moves, thereby generating additional Coriolis torques at the arm joints. Besides Coriolis torques, the dynamic interaction between the trunk and the moving segments of the arm also gives rise to additional centripetal and inertial torques, collectively known as interaction torques.
Interaction torques are significant during multijoint arm reaching movements even without trunk rotation (Hollerbach and Flash 1982) . Despite this potentially disturbing influence in reaching tasks, straight-line hand paths are typical of arm reaching movements (Abend et al. 1982; Gordon et al. 1994b; Morasso 1981 ). The nervous system may take interaction torques into consideration when preparing a movement involving simultaneous multijoint rotations or, alternatively, may correct trajectory deflections during movement execution. In fast reaching movements (Ͻ500 ms), neuronal loop delays may prohibit trajectory corrections based on current visual or proprioceptive feedback, suggesting that a mostly predictive, open-loop form of control may underlie the compensation of interaction torques (Gribble and Ostry 1999) .
Straight-line hand paths, in addition to implying compensation for interaction torques in multijoint movements, are consistent with the hypothesis that reaching movements are planned in end effector coordinates (Flash and Hogan 1985; Morasso 1981) . Theoretically, the coordinate system may be coupled to external (extrapersonal) space, its origin coinciding with hand position prior to the arm movement (Gordon et al. 1994b) , or the coordinate system may be coupled to the body with its origin located, for example, on the trunk. When trunk motion is negligible during a reaching task or involves only translation in the sagittal plane to shift the hand toward the target (Kaminski et al. 1995; Saling et al. 1996) , typical features of hand trajectories in external space such as straight-line paths and bell-shaped velocity profiles may be preserved when the trajectory is observed from a trunk-based frame of reference (Wang and Stelmach 1998) . However, based on data involving only linear trunk motion, it cannot be inferred whether movement planning occurs in external or body relative coordinates. Examining the hand paths and velocity profiles of reaching movements produced in combination with trunk rotation may provide insights into whether reaching movements are planned in external or trunk-based frames of reference.
This paper is the first of a series in which we describe both the kinematic and dynamic features of reaching movements produced with and without voluntary trunk rotation. In the paradigm we employed, subjects standing in front of a table slightly above waist level pointed to each of three visual targets. For two of the targets, a similar arm configuration relative to the trunk was required for reaching the targets, but one required substantial leftward trunk rotation and the other very little. To reach the third target, significant trunk rotation was required, but the arm was kept at approximately the same radial distance to the body. The different coordination requirements between the trunk and arm for each target allowed us to contrast reaching movements produced with a variety of trunk-motion-induced torques.
Our first goal was to determine whether arm-reaching movements involve compensation for interaction torques induced by self-generated trunk rotation. The trajectory characteristics and accuracy of reaching movements produced with trunk rotation were compared with those of reaching movements involving minimal trunk motion. We analyzed the timing between the arm and trunk movements in reaches involving significant trunk rotation to test the hypothesis that the CNS may minimize Coriolis torques by sequencing the motion of the arm and trunk segments. At the shoulder and elbow joints, such a strategy would eliminate trunk-motion-induced Coriolis torques during the entire reach but would still require active compensation of the centripetal and inertial interaction torques resulting from trunk motion. Because interaction torques induced by trunk rotation scale with the speed of the trunk and arm movements, we had subjects produce reaching movements at a natural pace as well as rapidly. This allowed us to assess the effect of reaching velocity on the shape and accuracy of the hand trajectory as well as on the trunk rotation and arm joint angles during the movements and to examine whether increasing the dynamical demands of the task altered the pattern of interjoint coordination. Specifically, we sought to determine whether differences in arm-trunk coordination and/or hand trajectory between slower and faster reaches could be explained by a variation in the magnitude of trunk-rotationinduced torques. To examine the possible role of visual feedback in compensating interaction torques due to trunk rotation at both the hand trajectory and joint angle levels, we had subjects produce movements in normal lighting conditions and in dark conditions in which only the target light was visible prior to the reaching movement.
The present paper describes several findings related to the compensation of interaction torques, including the accuracy of reaching movements for conditions involving different magnitudes of trunk-rotation-induced torques, the contribution of visual feedback to performance, and the sequencing of hand and torso motion. In addition, as a first step toward a detailed inverse dynamics analysis of turn-and-reach movements, a simplified model of the arm/trunk system is used to estimate the size and direction of the interaction torques at the arm joints and to assess their expected effects on the reaching movements if not appropriately compensated. The effect of reaching velocity and of interaction torque magnitude on the trajectory pattern and interjoint coordination pattern of reaches is discussed in the companion paper (Pigeon et al. 2003) . This paper also addresses the second goal of these experiments, the investigation of the frame of reference in which reaching movements combining arm extension and trunk rotation are planned. Finally, an upcoming paper will present an in-depth inverse dynamics analysis of the movements generated during turnand-reach maneuvers and describe the associated muscle torques unpublished data) . The general conclusion of all three papers is that the CNS anticipates and compensates for the interaction torques generated during natural turning and reaching activities.
Some of the results reported here were presented in preliminary form at the Society for Neuroscience annual meeting in 1999 .
M E T H O D S

Subjects
Five male and two female subjects (ages, 19 -55 yr) with no known musculoskeletal or neurological disorders participated. Each subject signed a consent form outlining the procedures approved by the Institutional Review Board at Brandeis University.
Apparatus
The subject stood in a semicircular cutout section of a table (Fig. 1) . To minimize leaning of the trunk above the workspace surface, the height of the table was adjusted for each subject's height and arm length until the shoulder to table distance was in a 29-to 39-cm range (mean: 33.4 cm). Three light-emitting diodes (LEDs) inlaid in the surface of the table were used as targets. Pointing movements were initiated from a microswitch that controlled the illumination of the LEDs. The microswitch provided a start position that was near the subject and aligned with the sagittal midline of the trunk. When the finger was positioned above the microswitch prior to a movement, the upper arm was abducted ϳ40°.
The target and microswitch locations were defined using a polar coordinate system the origin of which coincided with the center of the cutout section where the subjects stood. A line bisecting the semicircular section marked the 0°direction and indicated the direction the subject faced at the beginning of each trial. The microswitch was located along this direction, 25 cm from the origin.
The three targets were located on the left side of the table in positions designed to involve different amounts of arm extension and trunk rotation. Pointing to target 1 (T1) required both arm extension and trunk rotation to move the hand to the left side of the table and away from the torso. Pointing to target 2 (T2) required approximately the same arm extension used in pointing to T1 but without the trunk rotation. Pointing to target 3 (T3) required maintaining the hand's initial radial distance from the torso while moving it through a similar angular displacement as when pointing to T1.
The target positions were defined in the polar coordinate system as follows. T1 was located 80°to the left of the forward direction, 54.8 cm from the center of the cutout section. To identify the location of T2, subjects were asked to make a pointing movement to T1 using their right arm and to maintain their final arm and trunk positions. Then while grasping their right wrist with their left hand to keep the configuration of the right arm as constant as possible and with their right index finger slightly above the table surface, they slowly rotated their trunk back to its initial position. When the initial trunk position had been regained, they dropped their index onto the table and this position was noted. Six measurements were taken for six subjects. The resulting average position for T2 across subjects was 54.3 cm from the origin, a radial distance virtually identical to that of T1 (thus confirming that the maneuver removed the trunk rotation component of the reaching movement), and 14°to the left of the forward direction. Finally, T3 was placed along the same angular direction as T1 (80°to the left), 25 cm from the origin to match the radial distance of the finger when poised above the microswitch prior to a pointing movement.
The (straight-line) reaching distances to T1-T3 were 56.1, 30.6, and 32.2 cm, respectively. Subjects used ϳ88°of elbow extension, 77°of shoulder flexion, and 60°of trunk rotation to reach T1. The corresponding joint rotations used to reach the other targets were respectively 83, 62, and 9°for T2 and 22, 48, and 39°for T3. In addition, subjects increased shoulder abduction by ϳ12°to reach T1 and 8°to reach T2, with very little change in abduction to reach T3.
Experimental procedures
Each trial started with the subject standing at the table with the right arm resting on its surface. In response to an auditory signal, the subject lifted the arm slightly above the table and depressed the microswitch with the right index finger, thereby illuminating one of the LEDs. The subject looked at the target and, when confident of its position, returned the head and eyes back to the hand at the start position and then reached to touch the target with the index finger in one smooth natural motion. Lifting the index finger off the microswitch turned off the LED. A smooth panel of transparent Plexiglas covered the table and LEDs so that the subject touched down without receiving direct tactile feedback about the accuracy of the pointing movement. The subject maintained the hand and head in the final position until instructed by the experimenter to return to the start position. The subject could extend the arm and turn the trunk to reach a target but was asked not to move the feet or lean toward the target. Although these latter problems could have been alleviated by having subjects sit at the experimental table, standing subjects could produce larger trunk rotation amplitudes (with contributions from rotational degrees of freedom in the torso, hip, and leg) in combination with the arm reaching movements.
The reaching movements were produced in four experimental conditions during a single experimental session: light-slow (LS), lightfast (LF), dark-slow (DS), and dark-fast (DF). The order of the experimental conditions was randomized across subjects. In the light conditions, the room was illuminated normally and the location of the targets was visible even when the LEDs were off. In the dark conditions, only the target lights were visible; thus after lifting the finger off the microswitch, the subject was reaching to the remembered position of the target. In the slow conditions, the subject was instructed to reach at a movement speed comparable to that used to reach and pick up a fork, whereas in the fast condition, to that required to trap a fly sitting on the table. The subject was allowed several practice trials until the experimenter was satisfied that the correct speed for slow and fast movements had been achieved.
Each subject was assigned a random sequence of nine movements involving three trials to each target (e.g., T3, T1, T2, T2, T2, T1, T3, T3, T1). The subject repeated this sequence of movements three times in one experimental condition (i.e., 27 movements) before moving on to a different condition (108 movements in total).
Data recording
Infrared LEDs were affixed to the tip of the right index finger, the styloid process of the ulna (wrist), the lateral epicondyle (elbow), the left and right acromion processes (left and right shoulders), the sternal notch (sternum), and above the left and right eyes. Three-dimensional kinematic data were recorded at 200 Hz with an Optotrak motion recording system.
In the dark conditions, the room lights remained off between trials so that the subject returned the finger to its initial position above the microswitch after each movement relying on touch and proprioception, which all subjects did without difficulty. The subject was also instructed to keep the initial body position as constant as possible between trials.
Data analysis
Variables characterizing the shape of the finger trajectory, reaching accuracy, and timing of the finger and trunk movements were analyzed. Because the reaching movements were not restricted to a plane, some vertical displacement of the arm did occur. However, this component was small compared with the horizontal component of the movement (average maximal vertical displacement of finger: 7.3, 5.3, and 5.2 cm for T1, T2, and T3, respectively). Therefore the finger trajectory was analyzed based on its two-dimensional projection on the plane of the table.
The shape of the finger trajectory was estimated by its maximal deviation, calculated in each trial in each experimental condition by finding the greatest perpendicular distance between the trajectory and the straight line joining its endpoints. This distance was considered positive for a rightward deviation and negative for a leftward deviation.
The accuracy of the reaching movements was evaluated by measuring the radial and angular pointing errors in each trial. The radial error was defined as the distance between start and end positions of the finger minus the distance between the start position of the finger and the target. This error was positive if the pointing movement was hypermetric and negative if hypometric. The angular error described the angle between the target and the end position of the finger, the angle vertex being the start position of the finger. This error was FIG. 1. Experimental setup. The locations of the start position and of the 3 light-emitting diodes used as targets (T1, T2, T3) were defined relative to a polar coordinate system originating at the center of the table cut-out section. Reaching movements were recorded relative to a Cartesian coordinate system originating at the start position of the finger.
positive to the left of the target and negative to the right. In addition, the variable error characterizing the distribution of the endpoint positions was calculated using the formula SDx ϫ SDy ϫ (Rossetti et al. 1994) for each block of nine movements made in the same experimental condition.
To explore whether the CNS sequences the trunk and arm movements to minimize trunk-motion-induced Coriolis torques (but not the centripetal and inertial interaction torques resulting from trunk motion), the timing between the onset and offset of the finger and trunk movements was analyzed for reaches to T1 and T3 (these movements involved significant trunk rotation) using the finger and trunk velocity profiles calculated in a fixed, external reference frame. The linear tangential velocity of the finger was obtained by differentiating the coordinates of the finger marker position. A threshold of 5% peak linear velocity was used to determine the onset and offset of the finger movement from the beginning of each trial. The trunk angular velocity was obtained by differentiating the angular position of the line joining the right and left shoulder markers in the horizontal plane, although slight translation (leaning) of the trunk toward the target was generally involved in addition to rotation. A 5% peak angular velocity threshold was used to identify the onset and offset of trunk movement. The finger movement onset (offset) time was subtracted from the trunk movement onset (offset) time. A positive difference indicated that the finger started (stopped) moving first in a particular trial.
Coriolis torques induced by trunk rotation are maximized when the angular velocity of the trunk and the linear velocity of the arm relative to the trunk reach their peak values simultaneously. Thus in addition to its velocity obtained in a fixed reference frame as described in the preceding text, the velocity of the finger was calculated in a reference frame moving with the trunk whose origin was located midway between the two shoulder markers. To do so, a rotation matrix and a translation vector were used to transform the finger position from fixed, external coordinates to rotating, trunk-based coordinates. Differentiation of the latter coordinates provided the linear velocity of the finger relative to the trunk. The relative asynchrony between the peak velocities of the finger and trunk was found by subtracting the timeto-peak linear relative velocity of the finger from the time-to-peak angular velocity of the trunk. Additionally, at the instant of maximum finger relative velocity, the ratio of the trunk angular velocity to the trunk peak angular velocity was calculated.
The influence of the experimental conditions on the trajectory curvature, reaching accuracy, and timing variables was tested using univariate ANOVAs for repeated measures. The repeated-measures factors were the vision condition (light and dark), speed condition (slow and fast), and target location (T1, T2, or T3). For the two targets involving significant trunk rotation (T1 and T3), additional ANOVAs were performed with trial number (1-9) as a repeated-measures factor to assess whether the trajectory curvature and/or reaching accuracy changed as movements were repeated within the same condition.
Tukey's honest significant difference (HSD) test was used for post hoc comparisons. The statistical significance threshold was set at 0.05.
Inverse dynamics modeling
A simplified model of the arm/trunk system was used to compute the interaction torques at the shoulder and elbow during reaching to the three targets. The Lagrangian formulation was used to derive the equations of motion for a three-link model of the upper portion of the torso, upper arm, and forearm and hand moving in the horizontal plane (see APPENDIX). For each subject, segmental parameters were calculated using anatomical measurements and published regression equations (Chandler et al. 1975; Seluyanov 1983, 1985) . Because the arm segments were not strictly contained in the horizontal plane (shoulder abduction: ϳ40°), the segmental lengths were projected onto the horizontal plane, and their inertias were scaled according to each segment's mean angle with the horizontal plane. Our goal in the present paper was to estimate the size and direction of the interaction torques at the arm joints contingent on trunk motion and to assess their potential to affect the hand trajectory. Joint position, velocity, and acceleration profiles of sets of nine movements performed in the same condition were time-scaled and averaged to serve as inputs to the model. Leftward trunk rotation, shoulder and elbow flexion were considered positive, with 0°indicating a trunk parallel to the frontal plane, an upper arm colinear with both shoulders and a fully extended elbow. The interaction torque at the shoulder (or elbow) was defined as the summed contributions of Coriolis, centripetal, and inertial interaction torques dependent on elbow (or shoulder) and trunk motions.
R E S U L T S
Stick figures of individual reaching movements performed by one subject to each of the targets in the light-slow condition are shown in Fig. 2 . In all subjects, the finger and trunk followed relatively smooth trajectories with reaching movements to T1 ( Fig. 2A) and T2 (Fig. 2B) involving the largest and smallest amount of trunk rotation, respectively. Although subjects were instructed to avoid leaning toward the targets, some translation of the trunk did occur (mean displacement of midpoint of shoulder markers between start and end of reaches: 6.3, 1.6, and 2.5 cm for T1-T3, respectively).
Peak trunk and finger velocities
As subjects extended the arm and rotated the trunk to reach T1, the mean peak angular velocity of the trunk was 134 and 199°/s in slow and fast reaches, respectively (Fig. 3A) . The peak trunk angular velocity was significantly smaller in reaching movements to T3, which itself was greater than in movements to T2, which involved the least amount of trunk rotation [93 and 147°/s for slow and fast reaches to T3 and 32 and 50°/s for slow and fast reaches to T2, respectively; F(1,6) ϭ 114.87, P Ͻ 0.001; Tukey HSD post hoc test, P Ͻ 0.001]. For all targets, the peak trunk angular velocity was ϳ50% greater in fast than in slow movements [F(1,6) ϭ 70.99, P Ͻ 0.001] but was not affected by the vision condition (P Ͼ 0.1).
The peak value of the finger relative velocity (the velocity of the finger calculated in a trunk-based frame of reference) in fast movements was twice that in slow movements [1,736 vs. 869 mm/s; F(1,6) ϭ 17.62, P Ͻ 0.01] but was similar under both vision conditions (P Ͼ 0.9; Fig. 3B ). In slow movements, the peak velocity of the finger relative to the trunk was sensitive to target location [F(2,12 ϭ 36.70, P Ͻ 0.01]. It was largest in reaches to T2 involving little trunk motion, followed by reaches to T1 associated with the finger moving to the left and away from the body, and finally to T3 in which the finger-totrunk distance was kept approximately constant (mean values: 832, 1,053, and 723 mm/s for T1-T3, respectively; Tukey HSD post hoc test, P Ͻ 0.05). In fast movements, the peak finger relative velocity was similar for all targets (1,723, 1,847, and 1,638 mm/s for T1-T3, respectively, P Ͼ 0.05).
Maximal deviation of the finger trajectory in external space
The finger trajectories of reaching movements performed by one subject (S5) in all experimental conditions are shown in Fig. 4 . Movements made by other subjects had similar finger trajectories. Observed in an external frame of reference, trajectories to the targets requiring substantial leftward trunk rotation (T1 and T3) were outwardly bowed for both visual conditions and movement speeds. In contrast, the finger trajectories of reaching movements to T2 produced mainly by rotations in the arm joints appeared relatively straight.
The maximal trajectory deviation was minimal in movements to T2 (mean: Ͻ5 mm) but increased to 55 mm in movements to T1 and T3, a statistically significant increase for both targets [F(2,12) ϭ 34.59, P Ͻ 0.0001; Tukey HSD post hoc test, P Ͻ 0.001; Fig. 5 ]. Contrary to T1 and T3, both negative and positive values of maximal deviation were found for reaches to T2, indicating that for this target the largest trajectory deviation could occur on either side of the straight line joining the start and end positions of the finger. Increasing the reaching speed or removing visual feedback had no effect on the maximal trajectory deviation in movements to any of the targets (P Ͼ 0.05).
Accuracy of the reaching movements
Subjects generally overshot the target positions with a mean radial error of about 6 mm (Fig. 6A) , a common finding for reaching to visual targets (e.g., Foley and Held 1972) . Target location had an effect on the radial error [F(2,12) ϭ 5.33, P Ͻ 0.03], but significant interactions revealed that this effect was dependent on the other factors. Without vision, movements were more hypermetric when reaching to T2 than to T3 [F(1,6) ϭ 7.74, P Ͻ 0.01; Tukey HSD post hoc test, P Ͻ 0.01], but no difference occurred when vision was available (P Ͼ 0.05). Similarly, in slow reaches, subjects tended to overshoot T2 while undershooting T3 [F(1,6) ϭ 7.55, P Ͻ 0.01; Tukey HSD post hoc test, P Ͻ 0.01] with no significant difference for fast reaches (P Ͼ 0.05). In all conditions, the radial errors of movements to T1 and T2 did not differ significantly (P Ͼ 0.05).
For all experimental conditions, subjects generally pointed to the right of the target position (mean angular error: Ϫ2.2°; Fig. 6B ). There were no significant main effects of the three factors on the angular error and no interactions (P Ͼ 0.05). However, the largest angular errors (about Ϫ4°) were associated with reaching movements performed in the dark to targets requiring substantial leftward displacement (T1 and T3). Thus when deprived of visual feedback, subjects consistently underestimated the amount of leftward trunk and arm rotation necessary to reach these targets. In contrast, angular errors in movements to T2 were small in both visual conditions (generally, between 0 and Ϫ1°).
The variable error characterizing the distribution of the endpoint positions was largest for movements to T1 (during which the hand moved a substantial distance away from the rotating trunk) than for movements to the other two targets [1,029 mm 2 for T1 vs. 296 and 388 mm 2 for T2 and T3, respectively; F(2,12) ϭ 63.75, P Ͻ 0.0001; Tukey HSD post hoc test, P Ͻ 0.001; Fig. 7 Fig. 7 ] with a significant interaction indicating that the increase was larger for movements to T1. The variable error was unaffected by movement speed (P Ͼ 0.05).
Movement sequencing
In reaching movements to T1 and T3, both arm extension and leftward trunk rotation contributed substantially to the displacement of the hand. In general, the trunk began to move first while the position of the finger in external space remained unchanged for ϳ75 ms (Fig. 8, dashed and thin solid lines, respectively). The trunk and finger then moved simultaneously. For all subjects in all conditions, the trunk was the last to stop moving, on average ϳ425 ms after the end of the finger movement (i.e., when the finger absolute velocity decreased below threshold). During this last phase of the movement, the trunk often reversed direction (indicated by the open arrow in Fig. 8 ) and rotated slightly rightward (i.e., the negative portion of the trunk angular velocity profile). Thus based on the analysis of the velocity profiles in an external frame of reference, the finger movement generally occurred entirely during trunk movement with some trunk rotation occurring before and after the finger displacement.
The delay between the onsets of trunk and finger movement did not vary significantly across experimental conditions (P Ͼ 0.05). However, the duration of trunk movement occurring after the end of finger movement was 50% longer in reaches to T3 than to T1 [mean values of 515 and 339 ms, respectively; F(1,6) ϭ 92.16, P Ͻ 0.0001; Table 1 ], 16% longer in slow than in fast movements [459 and 395 ms; F(1,6) ϭ 9.58, P Ͻ 0.03], and 14% longer in the dark than in the light condition [455 and 398 ms; F(1,6) ϭ 6.63, P Ͻ 0.05].
Two additional variables were examined in movements to T1 and T3 to determine whether the CNS may sequence the arm and trunk movements to minimize trunk-motion-induced Coriolis torques. The first was the delay between the peak linear velocity of the finger relative to the trunk (thick solid line in Fig. 8 ) and the peak angular velocity of the trunk. The delay was generally positive with a mean value of 83 ms, indicating that the finger reached its peak velocity first. Although the delay was not significantly affected by the experimental con- FIG. 5. Maximal deviation of finger trajectories during reaching movements to the 3 targets in the 4 experimental conditions. Rightward deviations are positive. Symbols are the same as in Fig. 3 . Each bar is the mean Ϯ SE of 7 subjects. FIG. 6. Radial (A) and angular (B) errors of reaching movements to the 3 targets in the 4 experimental conditions. Errors of overshoot and leftward errors are positive. Symbols are the same as in Fig. 3 . Each bar is the mean Ϯ SE of 7 subjects. ditions (P Ͼ 0.05), it tended to scale inversely with movement speed (mean delay of 103 and 64 ms in slow and fast movements, respectively; Table 1 ) and be shorter in reaches to T1 (mean delay of 67 and 100 ms in movements to T1 and T3, respectively). In Fig. 9 , the spatial location of the finger at the times of peak linear relative velocity of the finger (ϩ) and peak angular velocity of the trunk (OE) are indicated on the averaged finger trajectories of two subjects to the three targets in each experimental condition. The peak finger relative velocity usually occurred earlier in the trajectory, but in movements to T1, the finger occasionally reached its peak velocity after the trunk (e.g., the dark-fast trajectory performed by S1).
The second variable was the trunk velocity ratio, defined by normalizing the trunk angular velocity relative to its peak value at the instant of peak finger velocity in relation to the trunk. The mean ratio had a value of 0.75, indicating that, on average, the trunk velocity had reached three-quarters of its peak value when the finger was moving the fastest relative to the trunk (Table 1) . Consistent with the finding of more synchronized finger and trunk peak velocities in movements to T1, the trunk velocity ratio was larger for reaches to that target (0.79) versus movements to T3 [0.72; F(1,6) ϭ 6.15, P Ͻ 0.05]. Neither the vision nor speed condition affected the trunk velocity ratio (P Ͼ 0.05).
Shoulder and elbow joint torques during reaching
In Fig. 10 , components of the shoulder (top) and elbow joint torque (middle) as well as shoulder, elbow, and trunk joint angles (bottom) are shown for slow (3 left panels) and fast (3 right panels) reaching movements to each target performed by one subject in the light condition. The same shoulder and elbow torques for fast movements are reproduced in Fig. 11 but show individual Coriolis, centripetal, and inertial interaction torque components. In both figures, flexor torques are indicated as positive and extensor torques as negative. The normal inertial torque component (Fig. 10 , dashed line in top and middle) produced the required motion at the shoulder or elbow joint while the interaction torque component (Fig. 10 , thin solid line in top and middle) counteracted the sum of the Coriolis, centripetal, and inertial torques arising at one joint due to motion in adjacent joints (e.g., for the shoulder, rotations at the wrist, elbow, and trunk; see individual interaction torque components for fast movements in Fig. 11 ). The net torque (Fig. 10 , thick solid line in top and middle) represented the sum of these two components, and, in the absence of any adjacent joint motion (and thus interaction torque), the net torque would have re- FIG. 7. Mean locations of the finger endpoint for reaching movements to the 3 targets in the 4 experimental conditions. A different symbol is used for each subject. Symbol size is scaled to the variable error values. ϩ and ϫ, the start position and the locations of the targets, respectively. Sample finger trajectories to each target are shown for the light-slow condition. See Fig. 9 for 95% confidence ellipses of endpoint distributions produced by 2 of the subjects (S1 and S2, represented by ᮀ and E in Fig. 7) . duced to the normal inertial torque. For all subjects, joint torque profiles were similar across vision conditions and also speed conditions, although scaled in amplitude and duration in the latter case.
The locations of T1 and T2 were designed to elicit similar elbow and shoulder joint rotations during the reaching movements, with and without significant trunk motion respectively. Experimentally, slightly smaller arm joint excursions were observed for T2 than T1 (Fig. 10, bottom) , most likely because subjects relied somewhat on trunk rotation (and thus less on arm joint rotations) to reach T2. Nevertheless, the normal inertial torque profile at the shoulder and elbow joint was substantially similar for both targets in slow and fast movements (Fig. 10 , compare the dashed lines in the 1st and 2nd and 4th and 5th panels, respectively, top and middle), which was consistent with our goal of comparable arm joint motions for these two targets. When subjects reached to T3, they used smaller arm joint excursions and an intermediate amount of trunk rotation (Fig. 10, bottom) .
Despite the use of similar arm joint rotations to reach T1 and T2 at either movement speed, the interaction torque profile at the shoulder and elbow was considerably different for these two targets because of the disparity in trunk rotation involvement. For instance, early in reaching movements to T2 (involving minimal trunk motion), the elbow extension imposed a flexor torque at the shoulder which was counteracted by an initially extensor interaction torque component at the shoulder (negative portion of shoulder interaction torque, top, 2nd and 5th panels). In reaches to T1 and also to T3 (involving substantial and intermediate amounts of trunk rotation, respectively), this extensor portion disappeared and the interaction torque component produced by the shoulder had a flexor (positive) influence on the upper arm from the start of the movement (top, 1st, 3rd, 4th, and 6th panels) . When normalized to the peak flexor normal inertial torque, the peak flexor shoulder interaction torque was generally largest for reaches to T1 followed by T2 and T3 (group values: 1.39, 1.01, and 0.98 for slow and 1.24, 1,17, and 0.86 for fast movements). These variations were largely due to sign reversals in the inertial interaction torque and to changes in the relative magnitude of the Coriolis torque across targets (Fig. 11, top , compare the dash-dotted and thin solid lines across targets). In particular, the Coriolis torque at the shoulder was largest for reaches to T1 (involving considerable trunk angular and hand radial displacements) and smallest for reaches to T3 (requiring little change in the hand's distance from the trunk). The mean peak shoulder Coriolis Variables for reaching movements to the target locations T1 and T3 in 2 visual conditions (light, L; dark, D) and 2 movement speeds (slow, S; fast, F) for 7 subjects (means Ϯ SD). Statistically significant differences are indicated in the text. FIG. 9. Averaged finger trajectories of 2 subjects to the 3 targets in each experimental condition. The finger spatial locations associated with the times of peak linear relative velocity of the finger (ϩ) and peak angular velocity of the trunk (OE) are indicated for all targets although the peak velocity delay and trunk velocity ratio were only calculated for targets T1 and T3 (see Table 1 ). For each subject and condition, 95% confidence ellipses of endpoint distributions are shown [see also ᮀ (for S1) and E (for S2) variable error symbols of Fig. 7] . torque values were 1.83, 1.67, and 0.32 Nm for slow and 9.62, 6.25, and 2.01 Nm for fast movements to T1-T3, respectively (values normalized to peak flexor normal inertial torque: 1.11, 0.91, and 0.34 for slow and 1.20, 1.10, and 0.48 for fast movements).
At the elbow joint, the interaction torque component steadily increased its contribution to the net torque as trunk recruitment increased. When normalized to the peak flexor normal inertial torque, the peak flexor elbow interaction torque was more than twice as large in reaching movements to T3 than to T2 and three times as large in movements to T1 than to T2 (group values: 2.70, 0.87, and 2.33 for slow and 2.95, 0.89, and 2.28 for fast movements to T1-T3, respectively). During reaching movements to T1 and T3, the elbow interaction torque component was largely flexor to counteract dynamic influences from both the shoulder and trunk motions that would overextend the elbow. These influences included larger Coriolis and centripetal torque components than in movements to T2 contingent on trunk rotation (compare the thin solid and dotted lines across all targets in Fig. 11, bottom) . For instance, the mean peak elbow Coriolis torque values were 0.69, 0.12, and 0.23 Nm for slow and 2.41, 0.35, and 0.89 Nm for fast movements to T1-T3, respectively (values normalized to peak flexor normal inertial torque: 1.06, 0.11, and 0.80 for slow and 1.01, 0.10, and 0.73 for fast movements). Consequently, the net elbow torque was almost solely flexor (positive) when the movement involved significant trunk rotation (Fig. 10 , thick solid line in middle of 1st, 3rd, 4th, and 6th panels), despite the fact that the elbow needed to extend to reach all three targets. In contrast, the net elbow torque was initially extensor (negative) in reaching movements with little trunk motion (thick solid line in Fig. 10, middle, 2nd and 5th panels) .
In summary, when reaching movements involved simultaneous leftward trunk rotation, the shoulder and elbow joints generated additional flexor torque components to counteract the interaction torque contingent on trunk motion acting to extend the arm joints. In the experiment, movements to T1 and T2 involved similar arm joint rotations with or without significant trunk motion, respectively, thus allowing the impact of trunk rotation on each arm joint torque to be assessed. For the group, 0.54 and 2.22 Nm of additional peak flexor shoulder interaction torque was generated when subjects reached to T1 rather than T2, in slow and fast movements, respectively. At the elbow, the corresponding increase in peak flexor interaction torque was 0.79 and 4.58 Nm. FIG. 10. Components of the shoulder (top) and elbow (middle) joint torque profiles (outputs of the simplified dynamical model), and experimentally measured shoulder, elbow and trunk joint angles (bottom) of slow (3 left panels) and fast (3 right panels) reaching movements to each target performed by 1 subject in the light condition. Flexor torques are positive and extensor torques are negative. The normal inertial torque component (dashed line, top and middle) produces the required motion at the shoulder or elbow joint. The interaction torque component (thin solid line, top and middle) counteracts the sum of the Coriolis, centripetal, and inertial torques arising at 1 joint due to motion in adjacent joints. The net torque (thick solid line in top and middle) represents the sum of these 2 components.
D I S C U S S I O N
The impetus for this study was the observation that individuals exposed to constant velocity whole body rotation initially make errors when reaching to visual targets (Lackner and DiZio 1994) . Their reaches are deflected in the direction of the Coriolis forces generated on their moving arm. We asked the question how does the nervous system deal with the Coriolis and other interaction torques that would be generated if reaching movements were made during voluntary body turning? In this circumstance, the rotating torso functions analogously to the slow-rotation room in the passive rotation studies.
We evaluated four possibilities. One is that there is no compensation for voluntary turning and that errors increase in magnitude as arm and trunk velocities are increased. The second is that visual feedback is used to guide the ongoing movements. The third is that the nervous system minimizes self-generated Coriolis torques by sequencing arm and trunk motion to avoid simultaneous high velocities of the two. Finally, anticipatory motor innervations of the arm may be implemented to counteract the potentially disruptive influence of self-generated Coriolis, centripetal, and inertial interaction torques on reaching movements.
Coriolis force magnitude and reaching errors
Reaches to targets T1 and T3 both involved considerable trunk rotation but the distance of the finger from the trunk remained largely unchanged for target T3. As a consequence, peak elbow and shoulder Coriolis torques were, respectively, up to three and five times larger for movements T1 than to T3 at both movement speeds. Nevertheless, subjects were about equally accurate on these targets both in terms of radial and angular errors. Moreover, the increase in speed did not affect accuracy despite the fact that it resulted in more than three-and fivefold increases in peak elbow and shoulder Coriolis torques, respectively. Pointing to T2, which involved virtually no trunk rotation, was associated with smaller angular errors than either T1 or T3 but larger radial errors. Finger trajectories observed in external space coordinates were bowed outward for pointing to T1 and T3 and bowed outward by comparable amounts; the maximum deviations of the reaches from a straight line were not influenced by movement speed. This pattern means that self-generated Coriolis torques do not lead to disrupted movement patterns or endpoints.
Although the finger trajectories for reaches to T1 and T3 bowed outward, it should not be concluded that this resulted from uncompensated trunk-motion-induced interaction torques acting to extend the arm joints during the movements. Rather this outward curvature should be ascribed to the purely rotational nature of the trunk's contribution to the displacement of the finger [see Pigeon et al. (2003) for a description of the appearance of the finger trajectories in a trunk-based frame of reference]. When this contribution is significant (as in movements to T1 and T3), the impetus to generate straight-line hand paths in reaching movements may not be sufficient to cause the reorganization of the arm joint coordination to do so. Other authors have suggested that in some reaching tasks, the motor system may trade off the straightness of the hand path against FIG. 11. Shoulder (top) and elbow (bottom) net and normal inertial torque components (also shown in Fig. 10, 3 right panels) as well as Coriolis (thin solid line), centripetal (dashed line), and inertial interaction (dashed-dotted line) torque components of fast reaching movements to each target performed by 1 subject in the light condition. the computational complexity of executing the path (Haggard and Richardson 1996; Haggard et al. 1995) . In addition, biomechanical constraints (e.g., the hand coming in too close proximity to the trunk) may also partly explain the outward curvature of finger trajectories involving significant trunk contribution.
Influence of target location on peak finger velocities
In slow (but not fast) reaching movements, the peak finger relative velocity was largest in reaching movements to T2, followed by those to T1 and T3. Several factors may explain the significant effect of target location on the peak finger velocities. For instance, although the arm joint rotations to reach T1 and T2 were similar, subjects generally used more elbow extension and shoulder flexion in reaching to T1 than to T2. Contrary to what was observed, this would favor larger peak finger velocities in reaches to T1 as movement speed is known to scale with movement extent (e.g., Gordon et al. 1994b) . On the other hand, it has been suggested that the inertial anisotropy of the multi-segmented arm is not fully compensated in reaching movements, leading to directiondependent variations in peak acceleration and velocity at the hand (Gordon et al. 1994a) . Judging by the inertia ellipse of the upper limb computed by Gordon and colleagues (1994a) (Fig.  5A ), reaches to T2 were most closely oriented along the axis of least inertial resistance at movement initiation. This would favor larger peak velocities in reaches to T2 than to T1 and T3. In our experiment, the extent to which these factors influenced the reaching movements may have depended on the speed condition.
Influence of visual feedback on reaching accuracy
Visual feedback had no influence on the maximum deviations of the finger trajectories in pointing to any of the targets. Removing visual feedback did increase significantly the variable error; this may reflect the poor precision of a remembered target position relative to one which is still present (Rossetti 1998) as well as the deterioration of pointing performance when vision of the hand is prevented (Rossetti et al. 1994) . The larger variable errors for pointing to T1 in the dark condition may also reflect the deterioration of the precision of proprioceptive position sense, and therefore of hand localization capabilities, at distances far from the shoulder (van Beers et al. 1998) . Visual feedback also had a small effect on the angular errors in pointing to T1 and T3. In the dark, the subjects tended to underestimate the amount of trunk and arm rotation necessary to get to these targets. These larger angular errors could reflect the increased complexity of a reaching task involving substantial trunk rotation or a degradation in target-encoding capabilities pursuant to the eyes and head deviating too far from their normal resting positions (Desmurget et al. 1998; Vanden Abeele et al. 1993) . Furthermore, no differential effects on accuracy were present as movement speed was increased within a light or dark trial condition. This pattern means that subjects did not use visual feedback to influence their pointing behavior in the presence of a variety of selfgenerated interaction torques on the arm. Vision of the limb has been shown to help patients with sensory neuropathy control intersegmental dynamics during multijoint reaching movements. On the other hand, normal subjects show no improvement in movement accuracy when visual feedback is available Sainburg et al. 1993) . These reports and our own findings suggest that proprioception coupled with efference monitoring provides sufficient information for the control of self-generated interaction torques.
Sequencing of arm and trunk motion
Reaching movements to targets T1 and T3 involved large rotations of the trunk. In all conditions, the trunk began to move ϳ75 ms prior to the onset of finger motion and outlasted the duration of finger motion, consistent with findings from previous studies of reaching movements involving the trunk (Kaminski et al. 1995; Ma and Feldman 1995; Pigeon et al. 2000; Saling et al. 1996) . Nevertheless, the finger reached peak velocity relative to the trunk ϳ80 ms prior to the trunk reaching peak velocity. In general, the trunk was at 75% of its peak velocity when the finger attained its peak. This pattern was not affected by experimental conditions. It means that the movements were not segmented so as to minimize self-generated Coriolis torques incumbent on torso rotation. This finding may be contrasted with those from investigations of pathological populations: in particular, decomposition of elbow and shoulder joint motions [a strategy that reduces the interaction torques at the moving joint (Bastian et al. 1996) ] and transient locking of the elbow joint (Sainburg et al. 1993 ) have been observed in slow reaching movements performed by cerebellar subjects and in "slicing" gestures performed by deafferented subjects, respectively.
Anticipatory motor compensation for self-generated interaction torques
A key feature of the present experiment is that subjects generate high-velocity reaching movements while simultaneously rotating their trunks leftward at velocities as high as 200°/s. Because the arm movement proceeds from a rotating rather than stable trunk, additional Coriolis, centripetal, and inertial interaction torques come to bear on the arm. Our modeling results reveal that these additional interaction torques act to extend the shoulder and elbow joints over most of the movement and could thus deviate the finger trajectory in a rightward direction. To counteract such influences, both joints respond with larger flexor interaction torque components. For instance, relative to its output in movements to T2, the elbow generates an additional 0.79 and 4.58 Nm of peak flexor interaction torque in slow and fast reaches to T1, respectively. If for illustrative purposes the additional interaction torques due to trunk rotation are represented by an external force applied at the center of mass of the combined forearm-hand segment, this represents an extra 0.32 and 1.88 g of peak lateral rightward force counteracted by the elbow joint in slow and fast reaches. Interestingly, subjects are virtually as accurate in pointing as when their trunks are stationary. This contrasts dramatically with the slow-rotation room experiments in which reaching movements made during 60°/s room rotation with as little as 0.2 g of Coriolis force acting on the arm resulted in large trajectory deviations and endpoints errors in the direction of the Coriolis forces generated. Other experiments have shown that reaching movement errors in this situation scale with room velocity (Siino-Sears et al. 2000) . Such a dependency was absent for our subjects making voluntary turn-andreach movements. It should be noted, however, that subjects were allowed to practice movements to all three targets a few times prior to experimental recording to ensure that the correct speed was used for slow and fast reaching movements. In the slow-rotation room experiments, only a few trials were required for adaptation to the Coriolis force to occur (Lackner and DiZio 1994) . It is thus possible that while practicing the turn-and-reach maneuvers, the subjects initially produced errors in the direction of the trunk-motion-induced interaction torques and then quickly learned to generate compensatory arm joint torques. To test this possibility, we recorded the first 10 reaching movements to T1 performed by three additional subjects in the fast condition with visual feedback. The correct speed for the movements was demonstrated by the experimenter, but the subjects were not allowed any practice trials. The average peak trunk angular velocity was 172, 234, and 221°/s on the first, second, and third movements, respectively, which was comparable to the values obtained in the main experiment (group average for all 10 reaches: 239°/s). Oneway ANOVAs were performed on the maximal trajectory deviation and the radial and angular error data with trial number as the repeated-measures factor. We found no significant change in any of the variables with trial number (P Ͼ 0.4), suggesting that subjects did not modify their behavior during the practice trials. This finding, along with the fact that movement errors did not scale with reaching velocity despite the increasing potential for trunk motion to perturb the arm movement, points to motor innervations being planned and engaged to counteract appropriately impending self-generated interaction torques.
Studies addressing the issue of compensation for self-generated interaction torques have shown that the phasic electromyographic (EMG) activity in muscles spanning joints with constant kinematics is influenced by the characteristics of motion in adjacent joints (Almeida et al. 1995; Cooke and Virji-Babul 1995; Gribble and Ostry 1999; Koshland et al. 2000; Sainburg et al. 1995) . For instance, in a step tracking task during which a constant wrist flexion was combined with progressively larger elbow extensions, muscle-activation patterns at the wrist were modified in relation to the increasing interaction torque acting at the wrist as a result of elbow motion (Cooke and Virji-Babul 1995) . Similar results were obtained in studies of single-and multijoint pointing movements involving shoulder and elbow motion alone (Almeida et al. 1995; Gribble and Ostry 1999; Sainburg et al. 1995) or combined with wrist motion (Koshland et al. 2000) . Moreover, the modulations of EMG activity at stationary joints contingent on the magnitude of the interaction torque were shown to occur prior to the onset of motion at adjacent joints, suggesting that they arose through feedforward rather than feedback control (Gribble and Ostry 1999) .
It has been proposed that internal representations of limb dynamics within the CNS are used in the predictive compensation of forces arising from intersegmental dynamics (Beer et al. 2000; Krakauer et al. 1999; Sainburg and Kalakanis 2000; Sainburg et al. 1993 Sainburg et al. , 1999 Topka et al. 1998) . In a study of mechanisms underlying the control of interaction torques during reaching movements, Sainburg et al. (1999) found that once subjects adapted to reaching with a load that altered their effective forearm inertia, they produced large errors in subsequent reaches to the same target with a new load configuration. Open-looped forward simulations using the muscle torques calculated from the adapted trials predicted the initial errors in movement direction. They concluded that to control intersegmental dynamics, the nervous system uses proprioceptive information to develop an internal model of the current state of the musculoskeletal system. Deafferented patients lack the foremost sensory modality to update such a model and are thus unable to accurately time muscle actions to counter or utilize interaction torques (Sainburg et al. 1995) . In these patients, vision of the limb may partially substitute for proprioception Sainburg et al. 1993) . In other groups, the finding that attempted reaching by cerebellar patients does not similarly improve when visual feedback is available led to suggestions that cerebellar pathways may be involved in the implementation of an internal model (Topka et al. 1998) or may be essential in coordinating muscle activity in linked joints (Bastian et al. 1996) . Both the inability to generate muscle torques that predict and compensate for interaction torques (Bastian et al. 1996 (Bastian et al. , 2000 and an impairment in generating sufficient levels of phasic muscular torques (Topka et al. 1998 ) have been proposed to contribute to these patients' difficulties in controlling the mechanical consequences of dynamic interactions. Finally, hemiparetic patients also exhibit deficits in reaching consistent with an impaired control of interaction torques at the elbow joint, which led some authors to suggest that the frontal cortex plays a role in the representation of limb dynamics or, alternatively, that this representation degrades as a result of disuse (Beer et al. 2000) .
A general proposition of the preceding studies is that, in normal subjects, the CNS engages appropriately timed and scaled muscle force patterns to compensate for self-generated interaction torques via internalized representations of limb dynamics. Two alternative viewpoints contend that the CNS does not explicitly compute compensatory time-varying forces to offset intersegmental dynamics. The first is based on an interjoint-coordination rule termed "linear synergy," which stemmed from observations that the dynamic components of the muscle torques at both the elbow and shoulder joint are related almost linearly to each other (Gottlieb et al. 1996a (Gottlieb et al. ,b, 1997 . This rule posits that during reaching movements, the CNS specifies the dynamic torque components using the same biphasic pattern scaled for load, speed, and amplitude requirements and apportioned between joints according to movement direction. Interaction torques are a subset of such torques and as such, the inability to compensate for them is read as a failure by the CNS to generate the correctly shaped and scaled dynamic muscle torques and not as a separate mishandling of intersegmental dynamics. Thus in this framework, interaction torques do not require distinct consideration by the CNS.
The second alternative viewpoint is based on the equilibriumpoint (EP) hypothesis for motor control (for a review, see Feldman and Levin 1995) . It suggests that appropriate changes to equilibrium shifts may underlie the compensation for external and self-generated movement dependent loads experienced during arm movements (Gribble and Ostry 2000; see also Flash and Gurevich 1997) . In the two-joint planar arm model proposed by Gribble and Ostry (2000) , the slope and form of shoulder and elbow control signals were adjusted iteratively based on the difference between desired and predicted joint angles during reaching movements. Only between two and five iterations of the model were required to simulate empirical data of multijoint movements involving different interaction torques (Gribble and Ostry 1999) and performed within a velocity-dependent force field (Bhushan and Shadmehr 1999) . Although the model did not require the explicit computation of compensatory muscle forces, the results suggest that the nervous system uses information about limb dynamics and external loads to adjust control signals in a predictive manner to offset movement dependent loads.
The present findings do not allow us to determine which particular scheme the CNS uses to compensate for self-generated Coriolis, centripetal, and inertial interaction torques during reaching movements involving voluntary trunk rotation. Furthermore, in addition to anticipatory control, peripheral mechanisms may also play a role in the compensation (e.g., increases in force due to afferent feedback from sudden stretches of agonist muscles, effects of the force-velocity relationship or of the passive stiffness of muscle). In future experiments, we will further explore the locus of the compensation for interaction torques by studying reaching movements produced in combination with passive trunk rotation velocity profiles that mirror the actively generated ones. However, in combination with previous results, the present findings suggest that in normal subjects, compensatory motor innervations are engaged in a predictive fashion, with control signals appropriately mapped to individual patterns of load compensation. Specifically, such compensatory signals (whether reciprocal or affecting coactivation) prevented trunk-motion-induced interaction torques from overextending the arm joints and perturbing the finger trajectory. Additional evidence supporting the conclusion of anticipatory motor compensation for self-generated interaction torques is presented in the companion paper. In particular, it describes the pattern of joint coordination associated with the reaching movement trajectories to the three targets and identifies an external frame of reference as underlying planning implementation. Finally, a third paper currently in preparation will provide an inverse dynamics analysis of the joint coordination patterns that allows an estimate of the actual physical joint torques associated with movements to the different targets.
